Using GAME reanalysis upper-air data, we attempt to reveal the seasonal evolution of the heat source ðQ 1 Þ, and moisture sink ðQ 2 Þ over and around the Indochina Peninsula (IP), from April to June 1998. Pre-monsoon rainfall occurs inland of IP prior to the large-scale monsoon onset in middle May. In this period, positive Q 1 , in excess of 3 K day À1 , appears around the middle-lower Mekong River basin (MLMRB) centered around 500-600 hPa, which is accompanied by positive Q 2 , slightly below the peak level of Q 1 . This suggests that the pre-monsoon rainfall is associated with a cumulus-type convection. The horizontal distribution of vertically integrated Q 1 ðhQ 1 iÞ and Q 2 ðhQ 2 iÞ over MLMRB is similar, suggesting that the contribution of latent heating is nearly equivalent to sensible heat supply from the land surface. In contrast, negative hQ 1 i, less than À100 W m À2 , is discernible over the Bay of Bengal (BoB), which is collocated with a strong downward motion.
Introduction
The Asian summer monsoon (ASM) features a stepwise seasonal evolution, including ASM onset as characterized by an abrupt enhancement of convective activity, and eastward intrusion of the low-level monsoon westerlies (e.g., He et al. 1987; Matsumoto 1992; Wang and Xu 1997; Webster et al. 1998; Ueda and Yasunari 1998; Wang and LinHo 2002; Zhang et al. 2002) . Numerous studies have focused on the ASM onset, since the physical processes involved in the monsoon onset exhibit similar to those of the ASM establishment. He et al. (1987) showed that summer monsoon in 1979 commenced in two transition stages. The first transition occurs in middle May, with the lowlevel southwesterly intrusion over the Indochina Peninsula (IP) (Lau and Yang 1997; Webster et al. 1998) , followed by the Indian monsoon onset (second transition) about one month after. It has been revealed that the first transition is concurrent with the reversal of the meridional temperature gradient in the upper troposphere between the Tibetan Plateau and the neighboring regions (e.g., Yanai et al. 1992; Ueda and Yasunari 1998) .
The monsoon has been interpreted as an atmospheric response to the south Asian deep heat sources, manifested as the Matsuno-Gill pattern (Matsuno 1966; Gill 1980) . Ose (1998) successfully reconstructed Asian summer monsoon circulation by putting the prescribed deep heat sources in the southern part of Asia, using the general circulation model (GCM). Thus it is important to investigate the structure, and mechanism of atmospheric heating, during and prior to the ASM onset.
The heating processes over and around the Tibetan Plateau, that is a typical heat source region, have received much attention relevant to the tropospheric temperature increase over the Asiatic landmass (e.g., Nitta 1983; He et al. 1987; Yanai et al. 1992; Li and Yanai 1996; Hsu et al. 1999; Ueda et al. 2003) . For example, Yanai et al. (1992) revealed that the temperature increase over the eastern Plateau during the first transition, was mainly the result of diabatic heating. Ueda et al. (2003) , on the other hand, indicated that the pre-monsoon heating is centered around the western Tibetan Plateau, while the eastern plateau remain a heat sink.
There is growing evidence that the heating mechanism prior to the first transition in Southeast Asia, exhibits complex regional characteristics (e.g., Hsu et al. 1999) . Hsu et al. (1999) implies that the diabatic heating over the sloping terrain south of the Tibetan Plateau, and over the warm SST in the Bay of Bengal, could be more influential than the Plateau itself. Additionally, based on in situ observations of rainfall, it is indicated that the rainy season starts over the inland area of the IP relatively earlier than it does in the surrounding regions (Matsumoto 1997) . The figure of the onset date, expressed by Wang and LinHo (2002) , also shows that there is an earlier onset grid in the northern part of Thailand. This premonsoon rainfall events are brought by the eastward trough passage in the upper troposphere (Kiguchi and Matsumoto 2005) . Keeping this in mind, it is expected that the IP has a potential to have condensation heating due to the early rainfall in addition to growing sensible heat flux from the land surface as a seasonal march. However, there have been few papers that document the heat sources around the IP and its vicinity in view of the atmospheric heat budget.
The Global Energy and Water Cycle Experiment (GEWEX) Asian Monsoon Experiment (GAME) Intensive Observation Period (IOP) was conducted from April to October, 1998. The object of the GAME reanalysis is to collect off-line data during the GAME-IOP, and to construct high-quality four-dimensional data based on 4-times per day soundings with radiosondes at more than 100 stations in the Asian monsoon region. Thus GAME reanalysis is suitable for analyzing monsoon and the hydrological cycle in the Asian region. The objective of the present study is to examine the seasonal evolution of the heating processes of the atmosphere, based on the objectively analysed data of GAME reanalysis. We shall determine quantitatively the horizontal and vertical distributions of the heat sources and moisture sinks from April through June 1998, with the focus on the difference between the regions with the pre-monsoon rainfall, and the adjacent ocean.
In Section 2, we review the data and methods used in this study. Section 3 describes the seasonal evolution of the ASM in 1998, and Section 4 presents the contrasting features between the IP and adjacent oceans in terms of the atmospheric heat budget. The conclusion and remarks are given in Section 5.
Data and method
The major data used in this study is the GAME reanalysis ver. 1.5 at a resolution of 2.5 in latitude and 2.5 in longitude. The daily mean interpolated outgoing longwave radiation (OLR) data, provided by the National Oceanic and Atmospheric Administration (NOAA) are also utilized. For the analysis of the heat and moisture budget, we apply the widely accepted definition proposed by Yanai et al. (1973) . The apparent heat source Q 1 , and apparent moisture sink Q 2 , are computed by use of the thermodynamic and moisture budget equations as follows:
where y is potential temperature; q the mixing ratio of water vapor; V the horizontal wind; o the vertical p-velocity; L c the latent heat of condensation; p the pressure; R the gas constant; c p the specific heat at constant pressure of dry air; and p 0 1000 hPa. We estimate o by accumulating horizontal divergence under an assumption of the adiabatic condition near the tropopause as follows:
The suffix T means the tropopause. The original estimates of the horizontal divergence, D 0 , are adjusted by adding
where the suffix s means the surface. Then the adjusted divergence as represented by
is used to obtain o. As shown by Yanai et al. (1973) , integrating Q 1 and Q 2 from p T to p s , we obtain
In Eqs. (5) and (6), Q R is the radiative heating rate, P the amount of precipitation, S the supply of sensible heat, and E the evaporation rate at the surface.
Seasonal evolution of Asian summer monsoon in 1998
Before discussing the detailed results of budget computations, we shall see the general features of the flow pattern in the lower troposphere around the IP. Figure 1 illustrates the orographic structure of the IP and adjacent oceans. The southern IP is relatively flat in comparison with the surrounding mountains. The horizontal wind vector and vertical pvelocity at 850 hPa, and the assimilated precipitation in GAME reanalysis are shown in Figs. 2 and 3. During late April and early May, the tropical easterlies south of 10 N and the westerly can be recognized in Southeast Asia ( Fig.  2a-d) . The cross section of the zonal wind shows that the mid-latitude westerly zone spread to the northern IP (figure not shown). The Bay of Bengal (BoB), and the southern part of the IP are located in the boundary between these wind systems. The upward motion is observed around the middle-lower Mekong River basin (MLMRB) and Hong Kong, while the BoB undergoes strong subsidence motion.
In conjunction with this, the precipitation occur intermittently in these regions ( Fig. 3a-d) . Figure 4 shows the distributions of the outgoing longwave radiation (OLR). Relatively low OLR (<260 W m À2 ) appear around the downstream region of the Mekong River, and southern South China Sea (SCS) in late April (Fig. 4a-d ). The OLR distributions, which are indicative of the convective activities, is generally consistent with precipitation. In pentad 26-27, the upward motions appear near the equator (Fig. 2e-f ). In association with the ascending motion in the central BoB, the easterlies migrate northward, and descending motion in the northern BoB become weak. The precipitation extend northward (Fig. 3e-f ) . It is reported that the monsoon rainfall start in the inland of the IP before the arrival of the monsoon westerly (Matsumoto 1997 ). Although we can find the pre-monsoon rainfall area over the IP, there exists a little disagreement in location with the results by Matsumoto (1997) . We consider that one of the reasons is this analysis was confined to certain summertime in 1998.
The low-level flow pattern in Southeast Asia exhibits an abrupt change in middle May (Fig.  2g ). This change is recognizable around pentad 28 (May 16-20) using regional mean zonal wind velocity of the BoB (85-95 E, 5-17.5 N, figure not shown), which is regarded as the first transition of the Asian summer monsoon. The salient upward motion, and heavy rainfall in excess of 40 mm day À1 dominates, especially over central-northern BoB at pentad 28 (Fig. 2g,  Fig. 3g) . The wind over the western SCS is relatively weak. In pentad 29-31, the upward motion and precipitation remain strong over the western coast of the IP, Andaman Sea, and SCS ( Fig. 2h-j, Fig. 3h-j) . The vertical motion over the MLMRB is rather weak, in comparison with those of the pre-monsoon season, in spite of much rain.
Figures 5 and 6 illustrate the horizontal distributions of pentad mean hQ 1 i and hQ 2 i. Overall, a contrasting feature is remarkable, between the MLMRB and the surrounding areas. The horizontal distributions of hQ 1 i are similar to those of hQ 2 i in excessive quantities (about 160%) throughout the period. As for the pre-monsoon season (pentad 22-26), positive hQ 1 i can be found over the MLMRB (Fig. 5a-c) , which is greater than the moisture sink hQ 2 i (Fig. 6a-c) . This indicates that the release of latent heat of condensation, associated with the pre-monsoon rainfall, can account for a major part of the total atmospheric heating. The intermittent heating over the IP seems to reduce its amplitude toward pentad 27. On the other hand, the whole region of the BoB, and the southern SCS, exhibit large negative hQ 1 i and hQ 2 i. The negative values of hQ 2 i in these regions are almost the same, or slightly smaller than those of hQ 1 i. It should be noted here that a strong descending motion dominating over the BoB, seen in Fig. 2a-f , which might cause a suppression of the generation of convection. Considering this situation, it is indicative of radiation emitted from the ocean surface escaping to space through the less cloud air.
On the arrival of the monsoon commencement, in contrast, the large area including the BoB, the western coast of the IP, and northern SCS, is covered by salient positive hQ 1 i ( Fig. 5g ). The maximum hQ 1 i, in excess of 600 W m À2 , can be found over northern BoB. The distribution of hQ 1 i is similar to those of hQ 2 i (Fig. 6g) , indicating a dominant role of condensation heating relevant to the monsoon rainfalls. The Andaman Sea, Bay of Thailand, and SCS become major heat sources in pentad 29-31, while the western BoB show small heat sink. In comparison with the adjuscent oceans, the heating over the MLMRB is weak, and it sometimes exhibits a heat sink.
Contrasting feature between the Indochina Peninsula and adjacent oceans
Budget computations were made of the seasonal evolution of the heating field in view of the regional differences between MLMRB and the BoB (see Fig. 1 ). Figure 7 shows the vertical distribution of the 5-day mean Q 1 and Q 2 over the MLMRB from April through June 1998. It is clear that Q 1 and Q 2 vary in approximately 7-10 day cycle. During the pre-monsoon season, the MLMRB exhibits the maximum Q 1 , in excess of 3 K day À1 , in the layer between 500 hPa and 600 hPa in middle April. This is accompanied by positive Q 2 slightly below the peak level of Q 1 (Fig. 7b) . This suggests the presence of a cumulus-type convection associated with the vertical eddy heat flux between these peaks (e.g., Yanai et al. 1973; Thompson et al. 1979 ). This kind of heating is recognizable in early May, except for smaller magnitude of Q 1 and Q 2 . The negative Q 2 is seen between the interval of positive Q 2 in the lower troposphere. During these periods, Q 1 displays small positive value near the surface, as opposed to negative Q 1 in the upper layer. It suggests an existence of sensible heating from the land surface and evaporation in the lower troposphere.
On the contrary, BoB (Fig. 8) is characterized by negative Q 1 throughout the pre-monsoon season. The vertical distribution of Q 2 is also negative, indicating moisture increase, especially in the lower troposphere. This means that radiative cooling dominates in comparison to the sensible heat flux and the latent heat release. The evaporation near the ocean surface is promoted by the shortwave radiation through a clear sky.
Once the first transition occurs, the whole troposphere over the BoB is drastically occupied by large positive Q 1 , in conjunction with a change in the large-scale wind field (Fig. 2g) . At the same time, a large positive value of Q 2 is recognizable, which implies increased condensation. The peak levels of Q 1 and Q 2 are indicative of the existence of cumulus-type convection over the BoB. The atmospheric heating exhibit strong intraseasonal variation, with heating periods interrupted by break, accompanied by monsoon intraseasonal oscillation (ISO). We can see a change in the peak levels of Q 1 and Q 2 in the MLMRB after the monsoon commencement (Fig. 7) . The peak level of Q 1 is found in the upper level (400-500 hPa) than in pre-monsoon season, and positive Q 2 spread into the upper troposphere. This indicates that the monsoon commencement brings a deep cumulus convection and stratiform clouds. Rela- Fig. 7 . Vertical-time sections of (a) heating rate Q 1 /c p (K day À1 ) and (b) moistening rate Q 2 /c p (K day À1 ) for MLMRB. Light (dark)-shaded regions indicate a heating rate greater (lower) than þ2 (À2) K day À1 .
April 2006 N. ISHIZAKI and H. UEDAtively weak ascending motion in the MLMRB (Fig. 2g ) also support the occurrence of the stratiform rainfall. However, the magnitude of the atmospheric heating in the MLMRB is less than the BoB. The lifting condensation level (LCL) in the MLMRB is relatively high compared to those in the BoB (Figs. 9a, b) . The LCL in the MLMRB descend steeply in response to the occurrence of rainfall events. It suggests the moistened surface air due to rainfall, and enhanced evaporation as the land surface get moist. This is consistent with the smaller value of hQ 2 i in the MLMRB after monsoon onset, than those of premonsoon season (Fig. 7b) .
Those in the MLMRB gradually rises soon after the arrival of rainfall peak, although its rising rate decreases toward monsoon season. In comparison with this, once LCL over the BoB becomes lower, the atmosphere remains a wet condition. The difference may be due to these ground surface conditions (ocean and land). The intermittent rainfall over the MLMRB damp surface air, slowly from the pre-monsoon season, while those of the BoB is rapidly moistened by the abrupt heavy rainfall at the monsoon onset. Figure 10 shows the seasonal evolution of Q 1 and Q 2 over the BoB and MLMRB. The major difference between the MLMRB and the BoB can be found in the pre-monsoon season and early June. The maximum value of hQ 1 i is about 200 W m À2 during April and May, and increases in late June. The tropospheric heating in April can be greatly attributed to condensation heating, in addition to sensible heating from the surface.
Over the BoB, the apparent cooling is clearly identified before the first transition. The value of hQ 2 i is also negative, indicating a moisture increase. This is most likely attributable to the prevailing descending motion and ensuing suppressed convection. The values of hQ 1 i and hQ 2 i abruptly increase after the first transition, which is consistent with the seasonal evolution of the vertical profiles (Fig. 8) . The above results indicate that the heating processes prior to the first transition exhibit a great dif- ference between the MLMRB and the BoB. The pre-monsoon rainfall in 1998 is concurrent with the low-level ascending motion around the MLMRB, which is very similar to the distribution of convergence below 925 hPa. The landocean thermal contrast bring the low-level cyclonic circulation over land. The cyclonic circulation induce a convergence and resultant ascending motion. Thus, the land configuration in this region is important for occurrence of the pre-monsoon rainfall. Kiguchi and Matsumoto (2005) pointed out that the pre-monsoon rainfall events are brought by the trough passage in the upper troposphere, and the lower tropospheric moisture inflow during these events is mainly from the south and east. Considering this, it is necessary to diagnose a condition in the upper troposphere as well as the lower troposphere, to determine whether the premonsoon rainfall would occur. It is noted here that the present study is carried out based on the single year of 1998. In this regard, further study should be conducted by use of longer data, which may reveal a robust feature of the seasonal march over and around the IP. Furthermore, as noted by the previous studies, the ISO is dominant over the monsoon region (e.g., Chen and Chen 1993; Lau et al. 1988; Annamalai and Slingo 2001) . As seen in Fig. 10 , hQ 1 i and hQ 2 i in the MLMRB are regulated by around 10-days oscillation. The fact of that BoB features, with longer time scale (@ 30 days), also suggest large regional difference between the land and oceans.
Conclusions and remarks
Based on the GAME reanalysis data, the heating processes over and around the IP are studied during April through June 1998. If a low-level flow is used as the Asian summer monsoon threshold, then the onset is recognizable at pentad 28 , whereas the pre-monsoon rainfall occurs over the MLMRB prior to this large-scale monsoon onset.
During middle April, the apparent heat source, in excess of 200 W m À2 , can be found over the MLMRB (Fig. 5) . It is related to the upward motion, due to the low-level convergence. The value of hQ 1 i is two times larger than those of hQ 2 i (Fig. 6 ). This suggests that the sensible heating from the land surface is nearly equivalent to the latent heating. We confirm the apparent heat source associated with the pre-monsoon rainfall, which is first found with the in situ-observed precipitation (Matsumoto 1997) . Although the magnitude of the pre-monsoon heating is about 1/3 of those in the BoB at the monsoon onset, the pre-monsoon heating over the MLMRB is unique in the monsoon region. The difference of the peak level of Q 1 and Q 2 during pre-monsoon season implicates the vertical transport of the eddy heat flux. The pre-monsoon rainfall events intermittently occur over the IP, with the upward motion. The value of hQ 1 i around the MLMRB soon after the monsoon onset, features similar to those of the pre-monsoon season. However, the intraseasonal variation in the MLMRB becomes evident (Fig. 9) , and both cumulus-type and stratiform clouds contribute to rainfall after the onset.
It is also noteworthy that the negative hQ 1 i less than À100 W m À2 over the BoB region is discernible during the pre-monsoon season, in which the strong descending motion dominates (Fig. 2 ). This suggests a key role of the downward motion over the BoB in triggering an abrupt onset, as Hung, et al. (2004) mentioned. The origin of the subsidence is obscure, and the results shown in this study is for 1998, thus, more detailed analysis should be conducted for a further understanding of the mechanism that is responsible for the monsoon onset. Once the large-scale monsoon commences, the whole troposphere is abruptly occupied by positive Q 1 , which is accompanied by positive Q 2 , slightly below the peak level of Q 1 . These results indicate that the condensation heating associated with the cumulus-type convection may contribute significantly to the total atmospheric heating. In this sense, the atmospheric heating processes in the pre-monsoon season exhibit salient regional differences between the MLMRB and the BoB, while the qualitative heating difference is recognizable even after the monsoon onset. The IP is located in a subtropical region, and land surface is effectively heated with the elevating sun. The anticyclonic circulation over oceans brings convergence over land. These facts support the occurrence of upward motion and the corresponding pre-monsoon rainfall over the MLMRB. Of course, the confluence zone of the mid-latitude westerly and the tropical easterlies initially locates over the Indochina sector, that may favor the pre-monsoon precipitation. In this regard, the contribution or feedback of these factors should be revealed in the future study.
